Plate girders are widely used as structural members in the steel construction industry because of their ability to support heavy loads over long spans. Therefore, it is very important to know their behaviour under different conditions. For material efficiency, plate girders usually have slender webs when compared to the ones on commercial hot rolled profiles, making them prone to the occurrence of shear buckling. In case of fire, shear buckling may be precipitated due to the reduction of the steel mechanical properties caused by the elevated temperatures. Regarding the resistance determination, numerical simulation has been gaining an edge on experimental analysis over the past years, mainly due to the high cost of the fire resistance experimental tests. However, the numerical models must be properly validated in order to perform reliable numerical studies. With this purpose, as no experimental tests in stainless steel plate girders subjected to elevated temperatures were found, a total of 34 experimental tests at normal temperature have been numerically modelled. The tested stainless steel plate girders had different configurations, provided with transversal and longitudinal stiffeners.
Introduction
Steel plate girders are commonly used in Civil Engineering, mainly in bridges and in buildings when it is required to support heavy concentrate loads over long spans.A plate girder is basically an I-beam assembled from steel plates which are welded to one another. As earlier stated, it is a structural member used to carry loads which cannot be economically carried by hot rolled beams. Standard hot rolled cross-sections may be
Review of experimental tests
In order to better understand the behaviour of stainless steel plate girders, a numerical model was validated against existing experimental data. Therefore, the experimental tests used in this study are described in this section. The material properties, as well as the geometric characteristics and the set-up of the tested girders, are also here presented.
Several experimental campaigns in stainless steel plate girders were conducted at Polytechnic University of Catalunya (UPC) [9] [10] [11] . A total of nineteen specimens with different configurations are analysed in this paper. The girders were tested as simply supported elements subjected to a concentrated load at mid-span. The first campaign was conducted by Real et al. [9] in plate girders with non-rigid end posts and the geometry of the tested girders in this campaign is presented in Figure 1 . The second experimental campaign was carried out by Estrada et al. [10] in eight stainless steel plate girders with non-rigid (see Figure 1 ) and rigid end posts (see Figure 2 ). The main goal was to study the influence of the rigid end post on the ultimate shear strength of plate girders. The third campaign analysed the behaviour of an intermediate panel in
comparison with an end panel [11] . With that purpose, two four-panels plate girders were tested with the geometry presented in Figure 3 . Finally, the last experimental campaign analysed in this paper on stainless steel plate girders performed at UPC intended to study the influence of the longitudinal stiffening on the ultimate shear capacity of the beams [11] . The geometry of the tested girders is presented in Figure 4 .
The dimensions and the material properties of the tested girders are presented in Table   1and Table 2 , respectively. The stainless steel grade was 1.4301. Recently, an experimental campaign in lean duplex stainless steel (1.4162) plate girders was carried out at Imperial College London. This experimental campaign is fully described in [12] . A total of nine plate girders were tested with the geometry presented in Figure 2 . The girders were simply supported and the load was applied at the midspan. Table 1shows the dimensions of the tested girders and the material properties are presented in Table 2 .
In 2001, an experimental campaign in stainless steel plate girders was performed at Lulea University of Technology. A fully description of these tests can be found in [3] .
The plate girders were simply supported and had no end posts, as shown in Figure 5 .
The load was applied at the position of the intermediate transverse stiffener. The girders dimensions are presented in Table 1, whereas Table 2 shows the material properties.
The stainless steel grade was 1.4301 for PG29-31 and 1.4462 for PG32-34. As no information was found in [3] , the values of the ultimate strength (σm) were obtained according to Equation 1 [17, 18] . The Young's modulus was considered equal to 200 GPa. 
FEM model
The program SAFIR [14, 15] was used in the numerical modelling. A three-dimensional FEM model was developed to perform geometrically and materially nonlinear numerical analyses including imperfections (GMNIA). To better reproduce the local buckling phenomena typical from these slender cross-sections, Quadrangular shell elements with four integration nodes and four levels within the thickness were used.
The numerical model is presented in detail in the following sub-sections.
Boundary conditions and loading
The numerical model illustrated in Figure 6 was developed for simply supported plate girders. The boundary conditions are presented in Table 3 and may be observed in Firstly, on the experimental tests performed at UPC, the loading was applied by the imposition of displacements to better represent the load-deflection experimental curves, being distributed in 3 lines covering all the flange width, as illustrated in Figure 7 a).
However, for practical reasons and time efficiency, the aim was to develop a numerical model with imposition of forces which facilitate parametric analyses of the ultimate strength capabilities of the girders, as presented in sections 5 and 6 of this work.
Therefore, the loading was also applied through the imposition of forces distributed on the entire web depth (see 
Mesh refinement
A sensitivity analysis considering different mesh refinements was performed in order to find the adequate mesh refinement to achieve reliable results. A mesh refinement with 100 divisions per meter of girder length, 10 divisions in the flanges and 30 divisions in the web, which amounts to 5000 finite elements per meter of girder length, was considered adequate to accurately simulate the plate girder behaviour.
Geometric imperfections
Steel structural members are not perfectly straight due the geometric imperfections caused by the production and fabrication process. These geometric imperfections may cause a significant reduction on the ultimate bearing capacity of the plate girders and consequently it is imperative to take them into account in the numerical modelling. The classical approach to introduce the geometric imperfections into a numerical model is the eigenmodes, which represent the different shapes of imperfections. For this purpose, a linear buckling analysis is firstly performed to found the lowest relevant eigenmode.
The obtained shape for the geometric imperfections is incorporated in the non-linear analysis with a chosen maximum amplitude. Since there is no way to occur global buckling on the girders, only local imperfections were introduced in the numerical analysis. The eigenmodes were obtained using the computer programme CAST3M [19] and the programme RUBY [20] was used for the interface between CAST3M and SAFIR. The maximum imperfection amplitude was considered the same used by the authors of the experimental tests in their numerical modelling. When there is no information available, the maximum imperfection amplitude was considered equal to tw/10, as used in different studies of plate buckling at normal temperature [21] and at elevated temperature [22] . Figure 8 shows one of the considered buckling modes. 
Material model
Stainless steels are known for their non-linear stress-strain relationships with a low conventional limit of proportional stress and an extensive hardening phase [5] . Under normal temperature the approach proposed in Annex C of Part 1-4 of EC3 [5] for the stainless steel stress-strain relationship is based on the Ramberg-Osgood equation. With regard to fire resistance, Part 1-2 of EC3 [16] provides formulae and parameters for the determination of the constitutive law of stainless steel at elevated temperatures (between 20°C and 1200°C).
As SAFIR is especially devoted to structures in case of fire, it has included the stainless steel stress-strain relationship prescribed in Part 1-2 of EC3 [16] , described in Table 4 and in Figure 9 . This was the stress-strain relationship applied in this study [23] . When comparing the curves of the constitutive laws of stainless steel, of Part 1-4 and Part 1-2 at 20°C, one can observe that they are slightly different (see Figure 10 considering the longitudinal direction for the orientation of the steel rolling for Part 1-4 of EC3 law).
Previous studies [24] have shown that those differences in the constitutive laws have relatively small influence on the obtained ultimate loads of structural elements subjected to buckling. 
Discussion of numerical and experimental results
In this section, the results from the experimental tests and numerical analyses using SAFIR [14, 15] are compared. The accuracy of the numerical model is evaluated by performing comparisons based on the experimental and numerical load-deflection curves and failure modes, as well as comparing the ultimate load obtained in both experimental and numerical tests. The ultimate loads numerically obtained by the authors of the experimental tests using ABAQUS [25] are also compared with those obtained using SAFIR.
As presented before, a total of nineteen stainless steel plate girders with different configurations were tested at UPC by Real et al. [9] and Estrada et al. [10, 11] . These tests were numerically reproduced by those authors using the ABAQUS software. c) PG14 -four-panels plate girder Figure 11 -Load-deflection curves Table 5 shows the ultimate loads comparison between both numerical models and the experimental tests, where it is possible to observe that the ultimate loads obtained using the numerical model with displacements imposition are generally higher than those obtained experimentally. On other hand, the numerical model with imposition of forces is on the safe side, this is, the ultimate loads obtained are usually lower than those observed in the experimental tests. This way, the numerical model where the loading is applied through the imposition of forces will be used henceforward. The results using the numerical model with imposition of forces are presented in Table   6 and compared with those obtained from the experimental tests and the numerical analysis in ABAQUS performed by the authors of the experimental tests. The ultimate load values obtained with ABAQUS are usually higher than the experimental ones.
However, the results from SAFIR are normally lower than the experimental ones. The mean deviation between the results from the numerical analyses with ABAQUS and the experimental tests is 4.2%, while the mean deviation between SAFIR and experimental results is 5.9 %. Therefore, it can be said that the numerical and experimental results agree well and the numerical model developed in SAFIR is on the safe side and may be used for the evaluation of the shear buckling in stainless steel plate girders. Figure 12 illustrates the deformed shape at the end of the test of a plate girder with nonrigid end posts. It can be seen that both numerical and experimental deformed shapes are very similar. The failure mode is the same and the buckling of the web panel is quite similar, as well as the out of plane displacement of the web in the non-rigid end post. In Figure 13 it is possible to observe the similarity between both numerical and experimental deformed shapes of a plate girder with rigid end posts. The out of plane web buckling of PG7 is presented in Figure 14 . It is a common phenomenon in plate girders with non-rigid end posts. Finally, the deformed shape of a plate girder with longitudinal stiffeners is shown in Figure 15 . It can be seen that in both cases the buckling wave that forms in the web runs through the longitudinal stiffener because it does not have enough stiffness to allow the formation of a buckling wave in each subpanel of the web as in PG19 (see Figure 16 ). Based on these comparisons, it can be concluded that the numerical model accurately reproduces the response of a plate girder subjected to shear. Figure 12 -PG5 numerical and experimental [11] deformed shape after test Figure 13 -PG10 numerical and experimental [11] deformed shape after test A total of nine plate girders were tested at Imperial College London. These experimental tests were also numerically modelled [12] using the ABAQUS software.
The ultimate load obtained with SAFIR is compared with both experimental and numerical results (see Table 7 ). The ultimate load values obtained from SAFIR numerical model showed good agreement with those obtained from the experimental tests. The mean deviation is equal to 3.8%, a little more than the 2.6% mean deviation observed between ABAQUS and the experimental tests. In this experimental campaign at Imperial College London three different failure modes were observed. A shear dominant failure characterized by the web shear buckling is shown in Figure 17 , whereas a bending dominant failure with local buckling of the plate girder upper flange can be seen in Figure 18 . Finally, Figure 19 Figure 17 -PG20 numerical and experimental [12] deformed shape after test Figure 18 -PG27 numerical and experimental [12] deformed shape after test Figure 19 -PG22 numerical and experimental [12] deformed shape after test
The experimental tests carried out at Lulea University were numerically modelled by
Olsson [3] using the ABAQUS software. A comparison between the numerical results obtained from SAFIR and ABAQUS and the experimental results was performed. As it can be seen in Table 8 , there is a very good agreement between the results of the experimental tests and the results provided by SAFIR, with a mean deviation equal to 2.5%. In this case, the numerical model developed in SAFIR provided closer results than the numerical model developed in ABAQUS by Olsson, which has a 4.8% mean deviation. Figure 20 shows the deformed shape of the PG33 after the numerical and experimental tests, where it is possible to observe the same failure mode obtained in both tests. Figure 20 -PG33 numerical and experimental [3] deformed shape after test Figure 21 shows the comparison between the experimental and numerical ultimate shear strength for all the analysed stainless steel plate girders. As it can be seen, the results agree well with differences usually lower than 10%. Despite the difference between the stress-strain curves observed in Figure 10 a) for the stainless syeel grade 1.4301, it can be concluded that the results presented in this paper regarding shear buckling in stainless steel plate girders are very good. Therefore, it is considered that the model applied in the programme SAFIR is able to reproduce the behaviour of stainless steel plate girders affected by shear buckling at normal temperature. As the software has been widely validated at elevated temperatures [26, 27] , it is expected that it is also capable to accurately simulate the shear buckling behaviour of stainless steel plate girders subjected to elevated temperatures. 
Influence of the initial imperfections on the ultimate shear strength of plate girders
In this section, sensitivity analyses on the influence of the geometric imperfections and the residual stresses on the ultimate shear strength of stainless steel plate girders, at both normal and elevated temperatures, are presented. These sensitivity analyses were performed using the numerical model developed in SAFIR. Different maximum imperfection amplitudes were considered based on the web thickness, as well as the maximum amplitude recommended in EC3 and half of it. Part 1-5 of EC3 [9] recommends the use of geometric imperfections with a maximum amplitude equal to 80% of the essential manufacturing tolerances, which can be found in EN 1090-2 [28] .
This way, a maximum amplitude equal to 0.8hw/100 in the web and 0.8bf/100 in the flanges was used.
Regarding residual stresses, the authors of the experimental tests did not take them into account in the numerical modelling. Therefore, the residual stresses were also not taken into account in the numerical modelling presented in section 4 of this work. However, in this section their influence in the ultimate shear strength of stainless steel plate girders is evaluated. The pattern of residual stresses considered was the one proposed for welded I-sections, as shown in Figure 22 [29, 30] .
Figure 22 -Pattern of residual stresses for welded I-sections
The sensitivity analyses presented in this section were performed based on the stainless steel plate girders tested at Polytechnic University of Catalunya whose dimensions and material properties were already presented in section 2 of this work. The sensitivity analyses at elevated temperature are performed using the same plate girders analysed at normal temperature. In this case, the plate girders are subjected to a uniform temperature equal to 500ºC under steady-state conditions, i.e., the temperature is considered constant while the load is increased.
Normal temperature
The consideration of the geometric imperfections on the numerical modelling of stainless steel plate girders is very important. In this initial sensitivity analysis of the geometric imperfections, a wide range of maximum amplitudes of the geometric imperfections was considered at normal temperature. The results are presented in Table   fy 9, where it can be observed that the lower the maximum amplitude of the geometric imperfections is, the lower the differences between the numerical and the experimental results are. This geometric imperfections sensitivity analysis also showed that for plate girders with aspect ratio (a/hw)lower than 2.5, the influence of the maximum amplitude of the geometric imperfections in the ultimate load of the analyzed plate girders is quite low. On the other hand, for plate girders with aspect ratio equal or larger than 2.5, it is possible to note that the higher the maximum amplitude of the geometric imperfections is, the lower the ultimate shear strength is.
Bearing in mind the influence of the residual stresses on the ultimate shear strength of stainless steel plate girders, numerical analysis taken into account residual stresses and considering two different maximum amplitudes were performed. The comparison between the results with and without residual stresses is presented in Table 10 , where one can observe that there is no substantial influence of the residual stresses on the ultimate shear strength of stainless steel plate girders at normal temperature. Table 11 shows the geometric imperfections sensitivity analysis performed in stainless steel plate girders subjected to elevated temperatures. As at normal temperature, at 500ºC the geometric imperfections have no substantial influence on the ultimate shear strength of stainless steel plate girders with aspect ratio lower than 2.5. For plate girders with aspect ratio equal or larger than 2.5, it was observed that the higher the maximum amplitude of the geometric imperfections is, the lower the ultimate shear strength is.
Elevated temperature
Regarding residual stresses, its influence on the ultimate shear strength is higher at elevated temperatures than at normal temperature, as one can observe in Table 12 . On the one hand, it was shown that the higher the amplitude of the geometric imperfections is, the higher the influence of the residual stresses is. On the other hand, the results presented in Table 12 show that the influence of the residual stresses on the ultimate shear capacity of plate girders subjected to 500ºC is lower for plate girders with aspect ratios up to 1.5. Nevertheless, it is important to note that the residual stresses influence is on average 1.6%, which may be considered as no significant influence. 
Comparison of numerical results with analytical expressions

EC3 design rules
The ultimate shear strength of plate structural elements subjected to shear buckling must be checked according to Part 1-5 of EC3 [31] . For plate structural elements made of stainless steel some modifications are needed according to Part 1-4 of EC3 [5] .
Design at normal temperature
The shear buckling resistance of stainless steel plate girders must be assessed when η ε 52 > 
Design in fire situation
No specific rules for the shear buckling verification in case of fire are given in Part 1-2 of EC3 [16] . Owing to this absence of guidance, the use of the design rules at normal temperature, adapted to fire situation by the direct application of the reduction factors for the stress-strain relationship of steel at elevated temperatures, is a simple procedure that may be used to assess the shear buckling resistance at elevated temperatures. In this procedure, 
Comparisons with numerical results
The ultimate shear strength obtained in both experimental tests and numerical modelling are compared with the predictions according to the procedures presented above, included in Eurocode 3, Parts 1.2, 1.4 and 1.5 [5, 16, 31] . The numerical results used in this section were obtained considering geometric imperfections and residual stresses.
The maximum amplitude of the geometric imperfections was the one presented in Section 5, as recommended in Annex C of Part 1-5 of Eurocode 3. The pattern of residual stresses considered was the one presented in Figure 22 , typical of welded Isections. Table 13 summarizes the values of the ultimate shear effort at normal temperature.
Normal temperature
Apart from the agreement between the numerical and the experimental results, that was already discussed in detail in Section 4, the predictions given by the Eurocode 3 design procedures underestimate the shear buckling resistance of the analysed plate girders. For the nineteen analysed plate girders, the average VExp/VEC3 ratio is 1.26 and the average VSAFIR/VEC3 ratio is 1.18. The standard deviation of the obtained result is 0.16 when comparing the analytical results with the experimental ones and 0.14 when comparing the analytical results with the numerical results. On the other hand, the difference between rigid and non-rigid end post is not taken into account in the current design procedures and, in both experimental and numerical tests, it was observed that in some cases the presence of a rigid end post may be an important increase of strength and it should be included in the design procedures. 
Elevated temperature
The plate girders analysed at normal temperature were subjected to a 500ºC uniform temperature. The comparison between the numerical results and the design procedures is presented in Table 14 . In contrast to what happened at normal temperature, the numerical results are on the unsafe side when compared to the design procedures. The average VSAFIR/VEC3 ratio is 0.88 and the standard deviation is 0.11. It shows that the application of the reduction factors for the stress-strain relationship of stainless steel at elevated temperatures to the design procedures at normal temperature is not a conservative approach and new design expressions to predict the ultimate shear strength in stainless steel plate girders under fire should be developed. 
Summary and conclusions
This paper studied the ultimate shear strength of stainless steel plate girders at normal temperature and in case of fire. The main objective was to develop a solid numerical model duly validated with experimental tests. In the future, this model will allow performing solid parametric numerical studies about the influence of different parameters on the ultimate shear strength of stainless steel plate girders subjected to shear buckling at elevated temperatures, which will allow the development of fire safe design procedures that will fill the absence of guidance in Part 1-2 of EC3. With this purpose, a total of 34 experimental tests were numerically modelled using SAFIR It was observed that the numerical model developed in SAFIR provides a good approximation to the actual behaviour of stainless steel plate girders and it is able to accurately predict the ultimate shear strength of stainless steel plate girders under shear, as well as their failure modes.
It was analysed the influence of the initial imperfections on the bearing capacity of stainless steel plate girders affected by shear buckling. It was concluded that the geometric imperfections must be always taken into account in the numerical modelling at both normal and elevated temperature, being tw/10 an appropriate value for the modelling of experimental tests. Regarding residual stresses, it was observed that the consideration of the residual stresses at both normal and elevated temperature did not cause a significant reduction on the ultimate strength of stainless steel plate girders.
The accuracy of the EC3 design procedures at normal temperature and adapted to fire design was analysed. It was observed that the current formulation of the Rotated Stress
Field method for stainless steel elements is conservative at normal temperature. On the other hand, the adaptation of these expressions to fire design, through the application of the reduction factors for the mechanical properties of stainless steel at elevated temperature, is not conservative and new design expressions must be proposed to perform the safety evaluation of stainless steel structural elements subjected to shear buckling in fire situation. 
